INTRODUCTION
Respiratory tract infections are one of the most common and severe forms of infection treated by health-care practitioners all over the world (File, 2000) . Furthermore, hospitalacquired pneumonia is the second most common infection, causing high morbidity and mortality (Maloney & Jarvis, 1995) . Klebsiella pneumoniae is one of the most important causative pathogens of respiratory tract infections in humans (Podschun & Ullmann, 1998) . It alone accounts for 25-43 % of the nosocomial pneumonias caused by Gram-negative bacteria (Doern, 1995) , particularly in debilitated patients (Nishi & Tschiya, 1980) , and has a rapidly progressive clinical course that is often complicated by multilobular involvement and lung abscesses (Jay, 1983; Carpenter, 1990) , which leaves little time to institute effective antimicrobial treatment. As a result, the mortality rates may reach or exceed 50 % even in treated cases (Graybill et al., 1973; Leowski, 1986; Meyer et al., 1993) . The populations at risk are neonates, immunocompromised individuals and patients predisposed by prior surgery or malignancy (Hansen et al., 1977; Hervas et al., 1993) . An increase in the populations at risk, and an increase in the emergence of multidrug resistance among K. pneumoniae nosocomial isolates, have renewed interest in the investigation of alternative approaches for the treatment and prophylaxis of respiratory tract infections due to K. pneumoniae (Yadav et al., 2003) . Attempts have been made in recent years to find immunoprophylactic/immunotherapeutic agents for controlling K. pneumoniae-mediated infections (Chhibber & Bajaj, 1995) . However, any approach is not acceptable unless it is safe, effective and inexpensive. In this context, an intriguing approach is the use of bacteriophages (viruses that kill bacteria) to eliminate specific bacterial pathogens (Sulakvelidze et al., 2001; Mathur et al., 2003; Thiel, 2004) . The ability of phages to rapidly kill or lyse bacteria, and their specificity makes them effective selfreplicating anti-bacterial drugs of the near future (Matsuzaki et al., 2005; Hanlon, 2007) . In the present report, experimental lobar pneumonia induced by K. pneumoniae was established in mice and the effectiveness of bacteriophage SS as a treatment was studied.
METHODS
Bacterial strains and growth media. K. pneumoniae B5055 obtained from Dr Mathia Trautman, Department of Medical Microbiology andPhage isolation and purification. The method of Cerveny et al. (2002) was adopted for the isolation of phages from sewage samples specific for K. pneumoniae B5055. Phage titre was determined using soft agar overlay as described by Adams (1959) . Phage plaques were harvested from the agar plate and single phage plaques were purified three times on a host strain by the standard procedure as described by Sambrook et al. (1989) . The phage SS was tested for its specificity against 20 clinical isolates of K. pneumoniae by the spot test method.
Phage adsorption rate and one-step growth curve. The adsorption rate of phage SS was determined by the method of Adams (1959) . A one-step growth curve was performed in order to determine the burst size and latent period of the phage, as described by Ellis & Delbruck (1939) . It was designed to observe one cycle of adsorption, multiplication and lysis of SS.
Transmission electron microscopy. To observe phage morphology, transmission electron microscopy of the SS phage was performed as described by Goodridge et al. (2003) with some modifications, and the sample was examined with a transmission electron microscope (Hitachi H 7500) at 80 kV.
Toxicity testing of phage in mice. Male BALB/c mice, 6-8 weeks old, weighing 20-25 g, were used in this study. The toxicity of phage suspension was investigated in mice according to the method of Soothill (1992) . Mice were injected with 0.25 ml phage suspension (10 12 p.f.u. ml 21 ) by the intraperitoneal (i.p.) route in three groups of three mice each. Three uninjected mice were retained as controls. The mice were observed for signs of illness, and rectal temperature was taken hourly during the first 5 h after injection and then daily for the next 4 days.
Phage half-life in mice. The survival and stability of phage SS was measured in mice according to the method of Cerveny et al. (2002) . Uninfected mice were injected i.p. with phage preparation at 10 10 p.f.u. ml 21 . At 3, 6, 12, 24, 36, 48 and 72 h post-infection, mice were sacrificed and their peritoneal cavities were subjected to lavage with PBS buffer (pH 7.2). A total of 100 ml of cardiac blood was collected in 0.05 M EDTA. The lungs were aseptically removed, weighed and homogenized in PBS buffer. Phage titre was measured in all the samples by plaque assay.
Induction of pneumonia in mice by intranasal (i.n.) route.
Experimental pneumonia was induced in BALB/c mice with K. pneumoniae B5055 following i.n. instillation. To determine the minimum lethal dose in these mice, doses ranging from 10 2 to 10 8 c.f.u. ml 21 were given intranasally. The dose (50 ml inoculum containing 10 8 c.f.u.) giving 100 % infection rate without causing mortality was taken as the optimum dose and animals were observed for 10 days. Two animals each at 1, 2, 3, 5, 7 and 10 post-infection day were sacrificed. Lungs were aseptically removed, homogenized in 5 ml sterile PBS buffer (pH 7.2) and subjected to bacteriological examination.
Phage protection study. The therapeutic potential of phage SS, specific for K. pneumoniae B5055, was evaluated for its ability to resolve lobar pneumonia in mice. Optimal phage dose was determined following the method of McVay et al. (2007) . Two groups of mice (12 mice in each) were used. In group I, all the mice were administered by the i.p. route with 100 ml phage preparation at a m.o.i. [the ratio of infectious agent (e.g. phage or virus) to infection target (e.g. bacterial cell)] of 200, followed by simultaneous i.n. bacterial challenge. In group II, all the mice were instilled with 50 ml i.n. bacterial inoculum (10 8 c.f.u. ml
21
), which acted as a control. In both the groups, the animals were monitored for 10 days. Two animals each at days 1, 2, 3, 5, 7 and 10 post-infection were sacrificed, and lungs were aseptically removed and subjected to bacteriological examination as described earlier.
The protective ability of a delayed administration of phage after i.n. bacterial challenge with K. pneumoniae B5055 was also studied. Three groups of mice were used (12 mice in each). In group I and II, mice were injected by the i.p. route with 100 ml phage preparation at a m.o.i. of 200, at 6 and 24 h, respectively, after bacterial challenge. In group III, all the mice were challenged with bacteria only, and no phage preparation was injected, which acted as a positive control. Animals were monitored for 10 days. Lungs were aseptically removed and subjected to bacteriological examination as described earlier.
The protective ability of a prior administration of phage to i.n. bacterial challenge with K. pneumoniae B5055 was also studied. Four groups of mice were used (12 mice in each). In the first three groups, all the mice were injected by the i.p. route with 100 ml phage preparation (m.o.i. of 200), at 3, 6 and 24 h prior to the i.n. bacterial challenge. In the fourth group no phage preparation was injected, which acted as a control. Animals were monitored for 10 days. The lungs were aseptically removed and subjected to bacteriological examination as described earlier.
Combined phage and antibiotic treatment. The MIC of amikacin for K. pneumoniae B5055 was determined and it was selected for checking efficacy in treatment of lobar pneumonia in mice. Mice were divided into 4 groups of 12 mice each. In group I, all the mice were instilled with 50 ml i.n. bacterial inoculum (10 8 c.f.u. ml
), which acted as a control. In group II, mice were injected by the i.p. route with 100 ml phage preparation (10 10 p.f.u. ml 21 ), followed by simultaneous i.n. bacterial challenge. In group III, mice were injected by the i.p. route with 100 ml amikacin (3.75 mg/ 25 g), along with 100 ml phage preparation (10 10 p.f.u. ml 21 ), followed by simultaneous i.n. bacterial challenge. In group IV, mice were injected by the i.p. route, with 100 ml amikacin (3.75 mg/25 g) with simultaneous bacterial challenge. Two animals each at 1, 2, 3, 5, 7 and 10 days post-infection were sacrificed and lungs were aseptically removed and subjected to bacteriological examination as described earlier.
Statistical analysis. Results were analysed statistically by applying Student's t-test for comparing bacterial counts in phage-treated mice and phage-untreated control mice. Differences were considered statistically significant if P values were less than 0.05.
RESULTS AND DISCUSSION
To examine the efficacy of bacteriophage therapy in resolving lobar pneumonia in mice, phage SS specific for K. pneumoniae B5055 was isolated from sewage samples obtained from different sources in and around the Chandigarh area in India. Phage SS exhibited potent lytic activity and thus was selected for further in vitro and in vivo studies. The phage SS was specific to K. pneumoniae and showed narrow host range as 7 out of 20 clinical isolates tested were found to be sensitive to this phage.
The adsorption rate of SS was determined by mixing phage with an excess of K. pneumoniae B5055 cells, and then nonadsorbed infectious phages were serially diluted and counted. The adsorption rate of SS was found to be 10 min. A onestep growth curve of SS on K. pneumoniae B5055 was produced. The latent period, defined as the time interval between the adsorption and the beginning of the first burst, was about 20 min. The mean burst size was about 98 p.f.u. per bacterial cell, calculated as the ratio of the final count of liberated phage particles to the initial count of infected bacterial cell during the latent period (Fig. 1) . Transmission electron micrograph showed that SS consisted of icosahedral head and short stumpy tail, belonging to morphotype C, subdivision C1, in the classification proposed by Bradley (1967) and Ackermann (2001) . According to International Committee on Taxonomy of viruses, SS phage belongs to family Podoviridae order Caudovirales.
In the present study, the therapeutic potential of a fully characterized phage SS was evaluated in an acute infection model of lobar pneumonia in BALB/c mice. The selected phage SS showed no toxicity in mice and thus was considered for further in vivo use. The mean rectal temperature of all the mice injected with bacteriophage SS was 36.7 u C, which was comparable to the temperature of the control group, 37.1 u C. No symptoms of lethargy or sickness were noted in the test group during the period of observation.
Survival and stability of phage SS was measured in mice after i.p. injection of phage preparation containing 3|10 10 p.f.u. ml
21
. The phage count was measured in blood, lungs and peritoneal fluid. Maximum phage counts in blood, peritoneal fluid and lungs were obtained 6 h post injection (Fig. 2) . The phage count in peritoneal fluid was slightly higher as compared to that in blood and lungs. The phage count showed a significant decrease of 7 log units at 12 h and negligible counts were obtained at 36 h after injection. No phage could be isolated in peritoneal fluid, blood or lungs at 48 h after phage treatment. The results of survival and stability studies showed that although phage entered into the blood stream after 3 h they reached their maximum concentration at 6 h post injection. These results are supported by earlier findings of Bogovazova et al. (1991 Bogovazova et al. ( , 1992 , who studied immunological properties and therapeutic effectiveness of bacteriophage. According to these workers, phages took a maximum of 2-4 h to reach their peak in the blood stream and approximately 6-8 h to reach their peak in various internal organs. The phage count showed a significant decrease at 12 h and no phage was detected at 48 h post-injection in all these samples
The course of acute infection in mouse lung tissue was studied on the basis of maximum colonizing ability of K. pneumoniae. There was a significant increase in the bacterial counts on the second and third day post-infection as compared to the first day. The peak bacterial count was observed on the third day post-infection, following which there was a decrease in the bacterial counts, and only negligible counts were observed on the seventh day (P,0.01). There was complete clearance of bacteria from the lungs of infected mice on the tenth day of infection.
An optimum therapeutic dosage of phage preparation was assessed in experimentally induced lobar pneumonia in BALB/c mice. In the immediate phage treatment group, the animals in the test group were administered by the i.p. route with 10 10 p.f.u. ml 21 of phage preparation, immediately after i.n. bacterial challenge. Lung bacterial counts in the phagetreated group were comparable to that of the control infected group after 24 h of treatment (Fig. 3) . The bacteria in the phage-treated group did not show any further rise in their number. A significant decrease of 8 log units was observed on the third day in the phage-treated group (P,0.001). Complete clearance of bacteria from lungs occurred on the fifth post-infection day in the phage-treated mice in contrast to the 10 days required for the resolution of infection in the untreated control group. The initial delay in phage action may be due to the time taken (6 h) by phage to reach their maximum concentration in the lungs. But as the phage growth occurred exponentially in the presence of host bacteria, the phage particles finally took control of the bacterial population by restricting their further growth. This inference is based on the fact that the bacterial count on the second post-infection day did not show any increase in number and was followed by a decline in bacterial growth on subsequent days.
Delayed treatment with phage after induction of bacterial infection was also studied. In the delayed phage treatment Fig. 1 . One-step growth curve of phage SS specific for K. pneumoniae B5055. Fig. 2 . Phage count in blood (mean log p.f.u. ml "1 ), peritoneal lavage fluid (mean log p.f.u. ml ) and lung homogenate (mean log p.f.u. g "1 ) at varying time periods after phage administration (10 12 p.f.u. ml
) in BALB/c mice.
group, the animals in the test group were administered by the i.p. route with phage preparation (10 10 p.f.u. ml
) at 6 and 24 h post-infection. The results showed that a delay of even 6 h rendered phage treatment ineffective (P.0.05). Bacterial counts in the lungs of the phage-treated animals were similar to the untreated control at all time points (Fig.  4) . This may be due to the time taken by phages (6 h) to gain access in lungs at an optimum protective dose. This delay in phage administration gives sufficient time (12 h) for the bacteria to increase to a level where their growth cannot be controlled by phages. The phages are generally effective in treating acute infections by bringing the bacterial population down to a low density (Levin & Bull, 1996) . However, they are ineffective in situations where they fail to reduce their number. Similar results were reported by Cerveny et al. (2002) while trying to treat local and systemic disease caused by Vibrio vulnificus in irondextran-treated mice.
In prior phage treatment group, the mice were administered by the i.p. route, with 10 10 p.f.u. ml 21 of phage preparation at 3, 6 and 24 h prior to i.n. bacterial challenge. Administration of phage, 3 h prior to i.n. bacterial challenge proved most effective (P,0.001) and the results were similar to that observed in the group that was administered phage preparation immediately after bacterial challenge. It is likely that in such a situation, when bacteria entered the lungs, the phages were already present in large numbers and took control of the bacterial population. However, administration of phage preparation 6 h prior to i.n. bacterial challenge did not provide complete protection but the ensuing disease process was much milder and complete clearance of the bacteria from infected lungs was observed by day 7 (P.0.05). On the contrary, no decrease in bacterial counts was observed on administration of phage preparation 24 h prior to i.n. bacterial challenge (P.0.05) (Fig. 5 ) and bacterial counts in the lungs were similar to the infected control group. It is likely that the viable phage SS was encountered until 36 h post-injection in the lung tissue; however, after 12 h the phage concentration fell well below the optimum effective dose. Thus the low concentration of phage was unable to confer protection in mice following infection with K. pneumonia B5055.
In this study, the efficacy of a combined treatment of phage along with antibiotic was also evaluated in the acute infection model of lobar pneumonia. A single dose of amikacin alone, given once, was not found to be effective in this mouse model of experimental pneumonia and bacterial counts were similar to the untreated infected control animals (Fig. 6) . The simultaneous administration of amikacin and phage preparation (10 10 p.f.u. ml
) along with bacterial challenge resulted in the maximum decrease in bacterial counts as compared to the animal groups in ) in BALB/c mice (control) and treatment with phage (10 10 p.f.u. ml "1 ) (phage treated). ) in BALB/c mice (control) and delayed treatment with phage (10 10 p.f.u. ml "1 ) (6 h delay and 24 h delay). which amikacin and phage were administrated alone. However, the difference in the log reduction of bacteria in the group of mice that were administered phage along with antibiotic was not statistically significant (P.0.05) as compared to the animal group treated with phage only. On the basis of these results of combined treatment with the antibiotic amikacin and phage, no additional advantage as compared to the group treated with phage preparation alone was seen. However, the slight difference in the bacterial numbers could be attributed to different mechanisms of action of antibiotics and phages, which together were able to check the growth of viable bacteria more effectively in vivo. The combined treatment of phage and antibiotic, however, could prove more effective in vivo as this approach would provide limited opportunities for the emergence of resistance, which otherwise is likely to develop following monotherapy with either of the two agents.
The results of this study suggest that phage therapy has a potential to check the growth of K. pneumoniae B5055 in the respiratory tract if initiated at an appropriate time. However, there are still many technological challenges of phage therapy that need to be looked into before making general rules for phage products (Skurnik et al., 2007) . Research on different aspects of phage therapy can help in the evolution of standardized phage banks having a comprehensive library of therapeutically approved phages. This will help in initiating phage therapy immediately after the identification of the pathogen.
Hence, further studies involving multiple phages (a cocktail) effective against multi-drug resistant wild-type Klebsiella isolates are warranted. Such an approach not only will be important from the point of view of controlling infections caused by multidrug-resistant K. pneumoniae strains but also will check the spread of infection within the hospital environment, especially in immunosuppressed patients, who are more prone to infection with K. pneumoniae during their stay in hospital.
